ABSTRACT: The growing demand of world food and energy supply increases the threat of global warming due to higher greenhouse gas emissions by agricultural activity. Therefore, it is widely admitted that agriculture must establish a new paradigm in terms of environmental sustainability that incorporate techniques for mitigation of greenhouse gas emissions. This article addresses to the scientific demand to estimate in a fast and inexpensive manner current and potential soil organic carbon (SOC) stocks in degraded pastures, using remote sensing techniques. Four pastures on sandy soils under Brazilian Cerrado vegetation in São Paulo state were chosen due to their SOC sequestration potential, which was characterized for the soil depth 0-50 cm. Subsequently, a linear regression analysis was performed between SOC and Leaf Area Index (LAI) measured in the field (LAI field ) and derived by satellite (LAI satellite ) as well as SOC and pasture reflectance in six spectra from 450 nm -2350 nm, using the Enhanced Thematic Mapper (ETM+) sensor of satellite Landsat 7. A high correlation between SOC and LAI field (R 2 = 0.9804) and LAI satellite (R 2 = 0.9812) was verified. The suitability of satellite derived LAI for SOC determination leads to the assumption, that orbital remote sensing is a very promising SOC estimation technique from regional to global scale.
Introduction
Global warming by greenhouse gas (GHG) emissions causes major negative implications on global environment and economics nowadays and for the future. CO 2 contributes with approximately 60 % of the global warming potential of greenhouse gases and intensive studies are undertaken to understand the complex carbon cycle and its interactions between geosphere and atmosphere. Agriculture sector is able to remove CO 2 from the atmosphere depending on land conversion and management Cerri et al., 2004 Cerri et al., , 2007 Cerri et al., , 2010 . However, it is necessary to quantify the amount of CO 2 removed and stored in the form of organic matter. Thus, there is an increasing demand for estimating SOC on a global scale by fast and inexpensive, but yet accurate estimation, such as remote sensing techniques.
In most cases a higher Net Primary Productivity (NPP), without large nutrient and biomass export by harvest, increases SOC due to higher carbohydrate assimilation through photosynthesis, which is partly stored in the soil (Ingram and Fernandes, 2001) . Hodgson (1990) considers LAI as one of the two variables, which demonstrate strong consistency in relation to pasture NPP. Therefore, this study explored the correlation between SOC and LAI. LAI and LAD (Leaf Angle Distribution) represent the main drivers of canopy reflectance (Asner, 1998) . Furthermore, it is legitimate to interpret subsoil information (e. g. SOC.) by analyzing upper soil surface characteristics (e.g. LAI) obtained through satellite images, provided that there is a strong correlation between the subsoil and upper soil data (Levine et al., 2000) . Several other authors point out to a good relationship between LAI and spectral vegetation indexes (SVIs) such as the NDVI (Broge and Leblanc, 2001; Gupta and Prasad, 2000; Friedl, 1997; Price and Bausch, 1995) . Due to differences in the optical properties of vegetation, Turner et al. (1999) suggest the need for considering the specific vegetation type (e.g. pasture) when establishing and applying LAI-SVI relationships. Since the SVIs can be derived from satellite imagery, SOC estimation based on LAI determination through satellite images represents a useful approach, if a significant correlation between these two parameters can be highlighted.
Several authors also investigated the relationship between soil organic matter and soil reflectance (Henderson et al., 1989; Baumgardner et al., 1970) . Hummel et al. (2001) studied the near infrared (NIR) reflectance to predict organic matter of soils, with a standard error from the calibration set of 0.63 % (i. e. the standard error of the estimate in the calibration data in percent soil organic matter). Statistical analysis of soil reflectance and SOC indicated the potential of soil reflectance in visible, NIR, and SWIR bands to provide information about SOC content. In particular, five SWIR bands (1955-1965, 2215, 2265, 2285-2295, and 2315-2495 nm) revealed the highest correlation (r = -0.964 or higher) (Henderson et al., 1992) . For SOC detection in the field, spectral handheld sensors were designed, based on reflectance spectroscopy of the NIR and SWIR spectra (Reeves et al., 2003; Shonk et al., 1991) . Chen et al. (2010) found high correlation (R 2 = 0.98) between superficial SOC concentrations of bare soil and a logarithm linear combi-Sci. Agric. (Piracicaba, Braz.), v.68, n.5, p.574-581, September/October 2011 nation of image intensity values in the red, green, and blue bands. However, the above-mentioned SOC estimation studies relate either to a field or an aerial remote sensing but not to the orbital remote sensing. So far there has been little research about the spectral relationship between subsurface SOC combined with vegetation/soil reflectance at orbital remote sensing scale. The objective of this study is to explore this relationship.
Pasture is the principal land use in the State of São Paulo, covering about 8 million ha (Pino, 2009) . Pasture area corresponds mostly to low fertility soils subject to degradation due to extensive pasture management (Oliveira et al., 1996) . Several authors (Fagundes et al., 1999) observed reduced biomass productivity for the majority of these pastures. Better pasture management can reduce this degradation and raise the photosynthesis rate, resulting in SOC sequestration. Pastures under sandy soils and with the popular Brachiaria forage were studied due to their high SOC sequestration potential and representativeness for a large geographic area in South America (Lal et al., 2006; Blanchart et al., 2007) . Sandy soils cover 15 % of the Brazilian Cerrado biome (Bernoux et al., 2002) that is the second largest biome in South America (Lal et al., 2006) .
Materials and Methods
The study sites are located at the Southern part of the Brazilian Cerrado biome. This vegetation comprises an intricate mosaic of land cover types, vertically structured as grassland, shrubland, and woodland, with a gently sloping relief, ranging from 450 m to 600 m altitude at study sites. The studied pastures are situated in the municipalities of Piracicaba and Anhembi (São Paulo State) ( Figure  1 ). Subsequently, they will be described by their farm names (Barreiro Rico, Bondade, Descalvado and Monjelada).
The climate is humid mesothermic with relatively cold and dry winters (Cw according to Köppen), where the monthly average temperature does not exceed 18 ºC (Cwa). Meteorological records of Piracicaba municipality indicate a mean annual temperature of 21.6 ºC and a mean annual precipitation of 1.166 mm for the studied year 2001 (ESALQ/USP, 2003), which represents a difference of 0.4 % less for mean annual temperature and 4 % less for mean annual precipitation compared to long term climatic data of Anhembi (29 years) and Piracicaba (81 years) (Embrapa, 2010) . The studied soils in all four pastures are characterized as Neossolo Quartzarênico (Brazilian soil classification), which refers to Psamments (U.S. Soil Taxonomy) and Arenosols (FAO classification). Soil particle size distribution was determined by sedimentation (Embrapa, 1979) (Figure 2 ).
SOC and spectral reflectance of pastures interact with both biophysical and human induced parameters like climate (photosynthetic activity), soil type, land use and management type; only former land use cannot be linked to the surface spectral behavior. The parameter former land use takes into account the recalcitrant SOC fraction (SOC fractions with turnover rates from 200 to 1,500 years) (Parton et al., 1987) , which was stored before present land use. This SOC fraction is not linked to presenting spectral behavior. Thus it is desirable, to encounter first, pastures with similar previous land use(s), which, therefore, posses similar amount of stable SOC of the previous land use(s) and second, to encounter relatively "old" pastures, that do not feature anymore the biodegradable SOC fraction of the previous land use(s). Consequently, the SOC fraction, derived from the previous land use(s) is harmonized and minimized, which enables a stronger impact of the SOC derived from the present land use, which can be linked to remote sensing (more surface biomass > more SOC).
The studied pastures were chosen under this premise and were established in 1921 (Barreiro Rico farm), 1968 (Monjelada), 1977 (Bondade) and 1980 (Descalvado). It was not possible to encounter all four pastures with the same age of implementation. This selection represents the best set of pasture aged more than 20 years and with a rather precise land use and management history available. The minimum age of 21 years of pasture installation is superior to the 20 year-timeframe recommended as a minimum either by the methodologies of the Intergovernmental Painel on Climate Change (IPCC, 2000) recommended comparing soil C stocks changes due to land-use change (Bernoux et ), either used in international approaches (Milne et al., 2007; Bernoux et al., 2010) . In addition to the selection criteria of pasture age, the four chosen pastures represent four different productivity levels from fairly productive (Monjelada) to fairly unproductive (Descalvado) in order to be able to estimate SOC sequestration potential for sandy soils under pasture in São Paulo State. Each pasture also fulfilled the necessary extension (approximately two hectares) to cover entirely at least one pixel of the satellite image, to ensure a spectral response that is exclusively related to pasture without interferences of other land uses.
Soils were sampled using stainless steel rings (∅ 10 cm) at the following soil depths: 0-5 cm, 5-10 cm, 10-20 cm, 20-30 cm, 30-40 cm and 40-50 cm, resulting in undisturbed soil samples for further C and bulk density determination from the same sample (Folegatti et al., 2001) . Soil samples were dried to 60 ºC for C content analysis and an aliquot were dried to 105 ºC for determination of the soil water content in order to allow soil bulk density calculation. The soils were vertically collected for each layer and pasture by six repetitions, except the 0-5 cm layer (8 repetitions), to account for a higher spatial variability of carbon in the uppermost layer.
For carbon determination, samples were dried for three days at 60 ºC. Before weighing, the gross roots were removed. The samples were then sub-sampled by successive diagonal halving to maintain a representative subsample. Before milling, fine roots were removed from the sub-sample. For this purpose, a plastic ruler was electrostatically charged and held over the sub-sample. The electrostatics removed exclusively the fine roots free of soil particles. Finally, the carbon content was determined by dry combustion in a spectrometric carbon analyzer (LECO CN-2000) .
The SOC stocks were calculated as follows (Moraes et al., 1996; Ellert and Bettany 1995) : SOC = carbon (%) × bulk density (g cm -3 ) × depth of soil layer (cm) ÷ 100 (conversion factor of %)
. Bulk density was obtained by dividing dry weight of the undisturbed soil samples trough the volume of the sampling rings (Folegatti et al., 2001 ).
LAI by field measures: samples were taken in the transition period from wet to dry season in April/May 2001 with intermediate soil humidity to minimize soil sampling distortion errors (Figure 3 ). At this time of year, the less productive pastures start to suffer water stress, which affects the photosynthetic activity and leads to more visible and desirable differences of LAI between the pastures. The LAI field samples were randomly taken by a ring (∅ 0.25 m 2 ) in May 30-31, 2001, with 8 repetitions for each pasture. To do so, the litter was removed, followed by an entire cut of the green biomass above the surface. The samples were immediately weighted with the objective of minimizing humidity losses; hereupon approximately 20 % of the entire sample was extracted and immediately weighted to constitute a representative sub-sample. Subsequently, the sub-samples were separated in two fractions: green leaves and others. The green leaves were measured by a Leaf Area Meter (LI-COR: LI-3100 Before processing, a sub-image (~ 35 × 12 km) was extracted from the entire scene to enable more accurate georeferencing and increase processing speed. Subsequently, this sub-image was georeferenced (UTM projection with SAD69 datum) and atmospherically corrected. Georeferencing was done by 12 Ground Control Points (GCP), taken by a differential GPS (DGPS) system (TRIMBLE:GeoExplorer II), using Universal Transverse Mercator (UTM) Coordinate Reference System with South American 1969 datum for Brazil. The accuracy is sub-meter (Trimble, 1999), which is considered adequate for the study. The GCPs were taken in locations that were easily recognizable on the satellite image, to ensure precise georeferencing. The GCPs were imported to a Geographic Information System (GIS) (MICROIMAGES: TNTmips 6.8), using an order 3 polynomial model. The subimage was atmospherically corrected by atmospheric correction software ATCOR-2. Furthermore, the areas of the pastures were marked out by DGPS for adequate identification on the satellite image. The digital numbers (DN) of the grayscale raster image were converted to surface reflectance (in %). First, the DNs were converted to apparent radiance by the following formula (Markham and Barker, 1986) :
where: RAD (λ) = spectral radiance at the sensor's aperture (W m -2 ster -1 μm -1 ), Lmin λ = spectral radiance range minimum (high gain), Lmax λ = spectral radiance range maximum (high gain), DN = digital number of the considered pixel The apparent radiance values were then converted to reflectance as follows (Moreira, 2001) : LAI satellite was calculated in two sequential steps. First the soil fraction covered by plants was calculated, using the following formula proposed by Choudhury et al. (1994) :
where: Fc = Soil surface fraction covered by plants of given pasture pixel, NDVI = Normalized Difference Vegetation Index of given pasture pixel, NDVImax = Maximum NDVI of studied pasture, NDVI min = Minimum NDVI of studied pasture. Hereupon, the soil fraction index was used for LAI determination sug gested by Campbell and Normann (1998) :
where: Fc = Soil fraction covered by plants of given pasture pixel, K be (0) = spherical leaf angle distribution = 0.5, L t = LAI.
The equation was re-arranged to be solved for LAI:
where: LAI = Leaf Area Index of given pasture pixel, Fc = Soil fraction covered by plants of given pasture pixel Linear regression analysis was performed to evaluate the suitability of field measured LAI and spectral reflectance behavior of pastures, particularly satellite derived LAI, for SOC estimation. Correlation values with a probability higher to 95 % (p < 0.05) were considered significant.
Results and Discussion
The LAI values for the studied pastures, ranging from 0.150 to 1.103 m 2 m -2
, which represents a difference of 635 % between the highest LAI pasture and the lowest LAI pasture (Figure 4 ). The overall low LAI levels found in these pastures are associated to a sandy soil texture. The LAI differences are caused by different management practices, considering that the bio-physical factors bearing an influence on the LAI are almost identical among all pastures (same soil type, forage, climate, topography). The management practices differ in manuring and overgrazing. The two pastures with lower LAI have no manuring and the pasture with the lowest LAI also is overgrazed. The partly bare soil spots in the pasture Bondade are responsible for the high standard deviation.
The individual soil layers (0-5, 5-10, 10-20, 20-30, 30-40 and 40-50 cm) were amalgamated as one soil layer (0-50 cm). The differences in SOC between the four studied pastures range from 32.0 to 54.4 Mg ha -1 , which amounts to a difference of 70.1 % between the highest and lowest SOC ( Figure  5 ). The overall low SOC stocks found in the four pastures are caused by their sandy soil texture (Batjes, 1996) . The differences in SOC reflect different management practices, as seen for LAI differences, because the biophysical parameters remain the same for the four pastures (climate, soil type, forage specie, topography). Just one parameter is sensitive to SOC but not to LAI, namely former land use(s). That is because the recalcitrant fraction of the SOC (200-1,500 years turnover rates) of the former land use(s) makes part of the present SOC (Parton et al., 1987) . As this fraction cannot be detected by remote sensing through biomass and waterleaf content measurements, it is therefore, advisable to minimize this parameter and/or calculate weighing factors first for the age of the present land use and second for the type of former land use(s).
A regression analysis between SOC and LAI field was performed to investigate their correlation (Figure 6 ). In the ob- Sci. Agric. (Piracicaba, Braz.), v.68, n.5, p.574-581 , September/October 2011 served range, the regression follows a linear tendency. The high LAI standard deviation of Bondade refers to incomplete plant cover (approx. 75 %) at this site. Table 2 summarizes the results, revealing a determination coefficient of R 2 = 0.98, which indicates a highly significant correlation between SOC and LAI field (p < 0.05).
To perform a regression analysis between SOC and pasture reflectance, the DNs were converted to reflectance: First the DNs were converted to radiance (Table 3) and subsequently to reflectance (Table 4) . Table 5 shows the result of a regression analysis between SOC and pasture reflectance for six spectral bands and satellite derived LAI. Two determination coefficients (R 2 ) were higher than 0.95, indicating a significant correlation (p < 0.05) for the red spectrum vs. SOC and satellite derived LAI vs. SOC. Hence, these two correlations were discussed in detail. Figure 7 shows the regression analysis between SOC and pasture reflectance in the red spectrum. Taking into account a = gradient, b = intersection with y-axis, R 2 = determination coefficient, *significant correlation with p < 0.05. Table 2 -Regression between soil organic carbon (SOC) and field measured Leaf Area Index (LAI field ). Lmin λ = spectral radiance range minimum (high gain), Lmax λ = spectral radiance range maximum (high gain). the standard deviation of reflectance, there is spectral overlapping between Bondade and Barreiro Rico. This can be caused by a stronger influence of soil reflectance at Bondade due to bare soil spots. Three of the four pastures feature a developed plant canopy, fully covering the soil, thus diminishing the influence of soil reflectance on the overall pasture reflectance. This leads to the assumption in this experiment that the differences found in pasture reflectance are mainly linked to differences in plant canopy reflectance. The red spectrum suffers spectral absorption by the photosynthetically active pigments of chlorophyll a (absorption max. 675 nm) and b (absorption max. 480 nm) in the green leaves. This leads to the assumption that photosynthesis is responsible for the highest coefficient of determination between pasture reflectance and SOC.
The regression analysis between SOC and satellite derived LAI (Figure 8 ) indicates a highly significant correlation (R 2 = 0.98) with linear tendency (p < 0.05). Over all high standard deviation for satellite derived LAI is explained by the use of logarithm function for LAI satellite determination.
The regression analysis between field measured LAI and satellite derived LAI (Figure 9 ) identifies a relatively linear tendency (r = 0.96, p < 0.05), however weaker as expected. The relatively low linearity and correlation of the regression can be explained by its "oultlier", the LAI measures of Bondade farm, which is constituted by irregular plant cover. It is believed that 2 m 2 (8 × 0.25 m 2 ) were not enough to obtain a representative average value for LAI field from Bondade. However, satellite derived LAI values were too high for this study, considering that the value 0 of field measured LAI corresponds to value 0.5054 of satellite derived LAI. It is suggested to investigate this regression under different situations for future improvement of satellite derived LAI.
Conclusions
As SOC does not have specific spectral reflectance behavior and cannot be measured directly by remote sensing techniques, the study investigated first, if SOC can be estimated a = gradient, b = intersection with y-axis, R 2 = determination coefficient. by LAI and second, if LAI can be adequately derived from satellite images. A regression analysis between SOC and field measured LAI was significant, showing the suitability of field measured LAI for SOC estimations. Furthermore, a regression analysis between SOC and satellite derived LAI resulted in a highly significant coefficient (R² = 0.9812) at a significance level of p < 0.05. The suitability of satellite derived LAI for SOC determination of the studied pastures leads to the assumption that orbital remote sensing is a promising SOC estimation technique for pastures on a regional scale, especially under the scope of major improvements in terms of spatial, spectral and temporal resolution of satellite imagery in recent years. It is acknowledged, that former land use, length of time of the current land use as well as organic matter fertilization have to be taken into account for reliable SOC estimations by orbital remote sensing. Further investigations for the suitability of satellite derived LAI for SOC estimations are suggested for other pastures and land uses.
